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Available online ▪ ▪ ▪AbstractThe main aim of this study is to investigate the effect of berm breakwater on wave run-up. A total of 200 numerical analysis tests have been
carried out in this paper to investigate the effect of berm width, wave height, and wave period on the wave run-up, using an integrating technique
of Computer-Aided Design (CAD) and Computational Fluid Dynamics (CFD). Direct application of Navier Stokes equations within the berm
width has been used to provide a more reliable approach for studying the wave run-up over berm breakwaters. A well tested Reynolds-averaged
NaviereStokes (RANS) code with the Volume of Fluid (VOF) scheme was adopted for numerical computations. The computational results were
compared with theoretical data to validate the model outputs. Numerical results showed that the simulation method can provide accurate es-
timations for wave run-up over berm breakwaters. It was found that the wave run-up may be decreased by increasing the berm width up to about
36 percent. Furthermore, the wave run-up may increase by increasing the wave height and wave period up to about 53 and 36 percent,
respectively. These results may convince the engineers to use this model for design of berm breakwater in actual scale by calculating the
Reynolds numbers.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nowadays, given the development of science and technol-
ogy and continuous growth of the population in the coastal
areas, the protection of coastal seas and ports is of great
importance. Due to high costs of design and construction of
protective structures, an accurate and reliable design of these
structures is necessary to provide the stability, efficiency, and
economic considerations. The wave action in a coastal struc-
ture leads to the fluctuation of water level behind the vertical
slope that is usually bigger than the height of radiation waves.
The final upper and bottom levels in which any wave can reach
are called the wave run-up and wave run-down, respectively.
Confident and economic design of the coastal structure* Corresponding author.
E-mail address: farzadmilanian@yahoo.com (F. Milanian).
Peer review under responsibility of Society of Naval Architects of Korea.
Please cite this article in press as: Milanian, F., et al., Effect of hydraulic and struc
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10
http://dx.doi.org/10.1016/j.ijnaoe.2016.10.001
2092-6782/Copyright © 2016 Society of Naval Architects of Korea. Production and h
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).depends on the run-up rate of the waves. Due to the effects of
various parameters on wave run-up and existence of un-
certainties in the nature of this phenomenon, the exact deter-
mination of wave run-up is not practical in the design process.
The wave run-up highly depends on the arrangement of ar-
mour pieces (armour layer) seaward slope of the breakwater. In
general, the wave run-up depends on many factors as follows:
✓ Geometrical parameters (such as: armour layer slope, water
deepness, and free board);
✓ Structural parameters (such as: berm width, porosity,
permeability, and shape of stones);
✓ Hydraulic parameters (such as: average of water level,
wave, period, and wave height).
The wave run-up may estimate using the simple empirical
relations resulted from the experiments on physical models
or numerical modeling. Fig. 1 indicates a schematic view oftural parameters on the wave run-up over the berm breakwaters, International
.1016/j.ijnaoe.2016.10.001
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Fig. 1. Definition sketch of the maximum wave run-up.
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et al., 2014).
In the recent decades, less attention has been paid to
experimental methods, because of the high costs of setting up
the experimental equipment and difficultness of making similar
conditions to the reality. On the other hand, the capabilities of
numerical methods, in spite of their complexities, have been
frequently investigated by many researchers. Because they are
very flexible and their results are easily accessible and com-
parable for various conditions of waves and various forms of the
structures. Accordingly, this study aims to investigate the effects
of berm and the wave height and period on the wave run-up
over the berm breakwaters using numerical modeling. The
main parameters includes: the berm width, and wave height and
period. Fig. 2 depicts a typical berm breakwater.
The literature review in this area can be divided into two
experimental and numerical studies. In two past decades, a
wide range of experimental works has been carried out on
wave run-up, run-down, overtopping and reaction of waves on
various structures in hydraulic institution of Dutch Delft and
also other research centers all around the world.
So far, wave run-up and overtopping on rubble mound
breakwaters have been investigated by many researchers (Van
Der Meer et al., 2005). De Waal and Van Der Meer (1992)
represented a simple equation for relative run-up over
smooth slopes. Van Der Meer (1993) used various examina-
tions associated with the permeable and non-permeable nu-
clear structures representing run-up experimental relations
based on surf similarity parameter for average period. Ahrens
and Ward (1991) implemented the experimental model rep-
resenting the run-up wave toward the berm in the form of
follower's view of the berm geometry. They proposed the
experimental formula to maximum estimation of the wave run-
up over the slope of rubble mound breakwaters with berm.
Shankar and Jayaratne (2002) performed some experiments on
a flume of wave for investigating the effects of wave height
and period, wave steepness, surf similarity parameter, rough-
ness, armour layer thickness and porosity over run-up andFig. 2. Initial cross-section of berm breakwater model.
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over the slope of coastal structures in shallow water condi-
tions. Moghim et al. (2011) performed a series of experimental
studies with considering the conditions of berm breakwater
designed by Iranian engineers. According to obtained results
of these examinations, they showed that contrast of the pre-
vious researches, the erosion rate of non-dimensional berm
width is proportional with H2oTo and finally the new non-
dimensional parameter explained in the form of Ho
ﬃﬃﬃﬃﬃ
To
p
.
Najafi-Jilani and Monshizadeh (2010) investigated the wave
run-up and transmission by breakwater covered with antifer
protective pieces. They used three various patterns of antifer
pieces including, two various kinds of irregular arrangement
and a kind of regular arrangement. They showed that by
increasing the irregularity in arrangement of armour pieces,
the wave run-up reduces significantly.
There are, in general, two aspects for investigating the
interaction between fluid and structure: the first aspect sup-
poses that a porous medium has no effect on flow character-
istics and pattern and thus such a structure's geometry is
modeled according to a solid object with a porosity value. In
the second aspect, porous medium geometry is modeled pre-
cisely and fluid can move inside a porous solid object (Dentale
et al., 2013). The second model obviously requires to fabricate
a complex geometry and to apply more computational cells,
but it provides a more accurate model. Dentale et al. (2009)
introduced an innovative RANS/VOF procedure by inte-
grating CAD and CFD to analyze the hydrodynamic aspects of
the interactions between breakwaters and waves. Their method
produced better results than the traditional approach, whereby
the flow within the armour layer is computed by seepage flow
approximation (Cavallaro et al., 2012). Latham et al. (2008)
used discrete element and combined finite discrete element
methods to model the granular solid structure of randomly
packed units coupled to a CFD code which resolves the wave
dynamics by interface tracking technique. Latham et al. (2008,
2013) and Xiang et al.( 2012) demonstrated that FEMDEM
provides an excellent shape representation and deformability
for static and dynamic problems for faceted and angular
concrete units and rock blocks used in the armour layers. Their
method also provides a powerful tool for examining stress
chains within granular packs of the armour layers. Ouyang
et al. (2016) numerically investigated the wave characteris-
tics of Bragg reflections from a train of fixed floating break-
waters. Their results showed that the Bragg reflection exhibits
significant dependence on the relative spacing between the
breakwaters. Two major features on wave reflection from the
structure were observed, which were the emerging of the
primary reflection zone and the near full reflection zone in
front of the breakwaters. At the following, Ouyang et al.
(2015) have numerically investigated the wave characteris-
tics of Bragg reflections for a train of surface water waves
from a series of submerged bottom breakwaters. They devel-
oped a numerical model based on boundary discretization
technique in order to calculate the wave field. Their compu-
tational results were validated by comparing with analytical
solutions. The wave fields induced by two types of bottomtural parameters on the wave run-up over the berm breakwaters, International
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various formations of the breakwater trains were simulated to
study the wave characteristics. Variables investigated included
the number of the breakwaters in the train, the height and
width of the breakwaters, and the side slope of the trapezoidal
breakwaters. They concluded that high Bragg reflections can
be achieved by increasing (1) the number of breakwaters in the
train and (2) the height of the breakwaters. Widening the width
or reducing the side slope of the breakwaters might somewhat
improve the primary reflections, yet the effects are rather
limited and would not be an advisable design direction in the
aspect of shoreline protections.
According to the above-mentioned sources, there are few
experimental studies in the field of hydraulic reactions over
berm breakwaters. About the berm recession, however, many
researchers have studied (e.g. Shafieefar and Shakeri (2013)). In
this paper, the effect of berm width, as a structural parameter
indicating priority of the construction of this type of breakwa-
ters as compared to other types and wave height and period (as
hydraulic parameters) have been numerically investigated. The
engineers the can use this model for design of berm breakwater
in actual and large scale by calculating the Reynolds numbers.
2. Methodology
The present research numerically investigates the wave run-
up over berm breakwaters (Dentale et al., 2009). The modeling
performed for a wide range of effective parameters, such as,
berm width, wave height and period. Therefore, on the basis of
the performed simulations, first the effect of the berm width on
the wave run-up is investigated. Then, the effect of wave
height and period on wave run-up over berm breakwater (with
width of 35 cm) will be investigated.2.1. CFD modelThe numerical modeling performed by Flow-3D software.
This software is one of the powerful software in the field of
hydraulic and civil engineering that works on the basis of the
Computational Fluid Dynamics methods (CFD). This section
described boundary and initial conditions for numerical
simulation such as structure's geometry, wave conditions,
viscosity, turbulence, gravity and porosity. In total, three var-
iables among geometrical, structural and hydraulic parametersFig. 3. Results of numerical modeling of wave run-up over th
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height and wave period. In this software, different boundary
conditions of fluid is considered. The proposed model is uti-
lized in different applications of hydraulic coastal engineering,
such as, flow and erosion around hydraulic structures and
transmission of waves near the beach. Flow-3D simulta-
neously solves three-dimensional NaviereStokes equations
and continuity equation. The flow is described by the general
NaviereStokes equations (Dentale et al., 2012):
vUi
vXi
¼ 0 ð1Þ
vUi
vt
þUjvUj
vXj
¼ 1
r
vr
vXi
þ n v
2Ui
vXjvXi
þ gi ð2Þ
where, n is the molecular viscosity, Ui is the ith component of the
instantaneous velocity in the porous medium, r is the density and
gi the ith component of the gravitational force. RNG model was
used for the turbulence modeling. The numerical results obtained
by Bakhtyar et al. (2010) revealed that the RNG turbulence
model presented better predictions for coastal zone hydrody-
namics, although the k-ε model gave satisfactory predictions.2.2. Primary model validationThe experimental data related to hydraulics modeling of a
berm breakwater (Shafieefar and Shakeri, 2013) performed in
hydraulic laboratory of Tarbiat Modaress University (Iran)
were used to calibrate and verify the results of numerical
model. Virtual models of the berm breakwater was built as
same as experimental model dimension. Berm breakwaters
were designed with six various widths of B ¼ 30, 35, 40, 45,
50, and 55 cm (Shafieefar and Shakeri, 2013). The wave flume
was 16 m in length, 1 m in width and 1 m in depth. All of the
tests have been carried out using the initial seaward slope of
1:1.25, which was approximately equal to the angle of repose
for the armour stones. The tests were managed with linear
waves in order to observe the behavior of the structure. Virtual
model of the berm breakwater is constructed according to an
experimental model to verify the results of numerical model,
so that it has more compatibility with a real structure.
Fig. 3 shows the three-dimensional profile of the water level
to analyze the effects of wave period on wave run-up over thee berm breakwater with B ¼ 30, 35, 40, 45, 50, 55 cm.
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Table 2
Range of dimensional parameters.
Parameter Expression Range
Berm width (m) B 0.3e0.55
Wave height (m) Hs 0.07e0.105
Wave period (s) Tp 0.8e1.5
Elevation of the berm at toe of structure (m) hB 0.275
Water depth at toe of structure (m) d 0.24
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run-up has been shown for the time step of 10 s obtained from
stimulation for berm breakwater with berm width of 35 cm
and wave periods of 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4, and 1.5 s.
In order to reach this aim, three series of modeling were
performed. The properties of the used materials in various
layers of berm breakwater have been represented in Table 1.
The berm breakwater layers include: core, filter layer and ar-
mour layer that draw according to nominal diameter of the
aggregates. In continue, in order to investigate the berm
breakwater stability to identify the effect of structural and
hydraulic parameters on wave run-up over berm breakwater
have been discussed.2.3. Stability of the berm breakwaterTable 3
Range of non-dimensional parameters.
Parameter Range
Ho 1.96e2.94
To 24.86
HoTo 48.72e73.08
B/Dn50 14.28e26.19
d/Dn50 11.43
hB/Hs 3.92e2.62
Re 1.74  104e2.13  104
Table 4
Mesh sizes and numbers in the directions X, Y, Z in blocks 1 and 2.
Z Y X BlockThe stability of a berm breakwater is traditionally
expressed by Eq. (3), in which, Hs is the significant wave
height resulted from frequency domain analysis, D is the
relative buoyant density of armour layer given by Eq. (4), in
which, ra is the density of armour layer and r is the density of
water, and Dn50 is the equivalent cube dimension exceeded by
50 percent of the armour layer.
Ho ¼ Hs
DDn50
ð3Þ
D¼ ra
r
 1 ð4Þ
Van Der Meer (1993) considered the effect of the wave
period on the breakwater stability and introduced the
dimensionless parameter of HoTo in Eq. (5), where
To ¼ Tm  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃg=Dn50p and Tm is the mean zero up-crossing
wave period. Berm breakwaters are categorized into stati-
cally stable (Ho < 2:7; HoTo < 70Þ and dynamically stable
ðHo > 2:7; HoTo > 70Þ (Van Der Meer, 1993). To cover the
above-mentioned ranges, all of the tests performed in the
wave height of 0.1 m in the berm breakwater static stability
state, and only the wave height of 0.105 m was investigated in
the dynamic stability state. The range of dimensional and
non-dimensional parameters covered in the tests is given in
Table 2.
To minimize the scale effect for berm breakwater stability,
according to the Van Der Meer (1993), the Reynolds number
given in Eq. (6) should be between 1  104 and 4  104.
HoTo ¼ Hs
DDn50
Tm
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g=Dn50
q
ð5ÞTable 1
Properties of the used material.
Layers Dn50 (m) Mass density (kg/m
3) Layer type
Armour 0.021 2700 Standard
Filter 0.007 2800 Standard
Core 0.003 2600 Porous
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ﬃﬃﬃﬃﬃﬃﬃ
gHs
p
n
Dn50 ð6Þ
where,
ﬃﬃﬃﬃﬃﬃﬃﬃ
gHs
p
and Dn50 are the characteristic velocity and
length, respectively, and n is the kinematic viscosity
(n ¼ 106 m2/s). The minimum Reynolds number for the
present stimulation with the minimum wave height (0.07 m) is
1.74  104. The maximum Reynolds number with the
maximum wave height (0.105 m) is 2.13  104 (Table 3).2.4. Grid independenceIn order to obtain the accurate results, it is necessary to
compute the best mesh dimensions before performing the
simulation (Hsu et al., 2011). Grid independence is done to
ensure that the solution is independent of grid size. The grid
independence tests were done by applying four different mesh
sizes. Mesh size tested in the experiment were as follows:
0.6 cm, 0.7 cm, 0.8 cm, and 0.9 cm. The size and number of
the cells are shown in Table 4.
The results showed a negligible difference in the mesh sizes
of 0.6, 0.7, 0.8, and 0.9 cm. The effect of water surface profile
on berm breakwater with berm width of 30 cm is shown inNumber Cells size
(cm)
Number Cells size
(cm)
Number Cells size
(cm)
100 1 20 5 294 5 Block 1
167 0.6 167 0.6 250 0.6 Block 2
143 0.7 143 0.7 215 0.7
125 0.8 125 0.8 188 0.8
112 0.9 112 0.9 167 0.9
tural parameters on the wave run-up over the berm breakwaters, International
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+ MODELFig. 4. As can be seen, evaluations for mesh size 0.6, 0.7, 0.8
and 0.8 cm, showed the slight difference for components of
water surface profile. So, medium mesh sizes, 0.9 cm, is
recommended for using around a berm breakwater.
Due to the optimization of the design time, the study area
was divided into two individual blocks, in which, different
precise grids have been used (Fig. 5). The grids in the
block 1 was composed of 558,000 cells, Dx ¼ Dy ¼ 5 cm&
Dz ¼ 1 cm. In the block 2, however, the fine grids were
composed of the 2,094,848 cells, Dx ¼ Dy ¼ Dz ¼ 0:9 cm.2.5. Wave conditionsLinear waves have been reproduced in the numerical
model. Considering the experiments carried out by Shafieefar
and Shakeri (2013), the values of wave height and period have
been selected in the range of physical test conditions. Six
different wave conditions have been numerically reproduced
leading to different values of the surf similarity parameters.
Table 5 shows the incident wave height, the mean wave
period, and surf similarity parameters for each test.2.6. Statistical analysisIn order to validate the numerical simulations, two statis-
tical indices of correlation coefficient and standard deviation
have been used. For the correlation coefficient index, the re-
sults of Ahrens and Ward theoretical equation (Ahrens and
Ward, 1991) (Eq. (7)) have been used as calculated results
and to validate the numerical results.Fig. 4. Effect of mesh size on water surface profile over berm breakwater; berm
depth ¼ 24 cm.
Fig. 5. Two individual mesh blocks to optimize the mesh si
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Hs
¼ exp

0:695 11:269Hs
Lo
 0:158B

ð7Þ
in which, RTU is maximum experimental run-up, Lo is the wave
length, Hs is the wave height and B is non-dimensional berm
width defined by Eq. (8).
B ¼ Bﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
HoLo
p hB
d
ð8Þ
where, B is berm width, Ho is stability number, hB is elevation
of the berm at toe of structure and d is water depth at toe of
structure.
The standard deviation is calculated using Eq. (9), as
follows:
s¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
XN
i¼1

RNU RTU
Dn50
2
i
vuut ð9Þ
A standard deviation close to zero indicates that the data
points tend to be very close to the mean value.
The correlation coefficient R2 has been computed by Eq. (10).
R¼
PN
i¼1

RTU RmU

RNU RmðNÞU

PN
i¼1

RTURmU
20:5
*
PN
i¼1

RNU RmðNÞU
20:5 ð10Þ
where, RmU and R
mðNÞ
U are respectively the theoretical and nu-
merical results of wave run-up.width ¼ 30 cm, wave height ¼ 10 cm, wave period ¼ 1.27 s, and water
ze on the berm breakwater with berm width of 30 cm.
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In this section, the effects of structural and hydraulic pa-
rameters, such as, wave height and period on wave run-up and
hydraulic response of berm breakwater have been investigated.
It should be mentioned that the berm breakwater in all tests is
considered as a non-overtopped structure.3.1. Effect of berm width on the wave run-upThe main aim of doing this modeling is to measure wave
run-up and to investigate the effect of berm breakwater on
wave run-up. In addition, several tests have been carried out to
investigate the effect of berm width on wave run-up for
breakwater with berm width of 30 cm.
Table 6 shows the different wave run-up over the berm
breakwaters for six different berm widths (B ¼ 30, 35, 40, 45,
50, and 55 cm) and the same wave height (Fig. 6). It can be
observed that by increasing berm width, the wave run-up re-
duces, especially in breakwater with berm width of 55 cm in
comparison with the breakwater with berm width of 30 cm.
The results shows that by increasing berm width over the
berm breakwater from 30 to 55 cm (45 percent), the wave run-
up may decrease up to about 36 percent. It is clear that the
reason for reduction in wave run-up is that some of the wave
energy have dissipated over the berm. Therefore, the wave will
impact to the main slope with a lower energy.3.2. Effect of the wave height on the wave run-upThe wave height is one of the main hydraulic parameters
which affect the structure and usually has a direct effect on
increasing wave run-up and damage to the structures. Wave
energy is an indicator of power and ability of the wave for
displacement of aggregates and destruction of the breakwater.
Therefore, the wave energy is proportional to the square of the
wave height, so the wave height is the main factor in deter-
mining the stability and wave run-up over the berm.
In this study, by increasing the wave height from 7 to
10.5 cm, the wave run-up over the berm breakwater increases.
The maximum wave run-up in the most wave height occurred
for 10.5 cm. The effect of wave height on the wave run-upTable 6
Effect of changes in berm width on wave run-up over the berm breakwater,
under different berm latitudes, with linear wave, wave height ¼ 10 cm, slope
side of the breakwater ¼ 39 and water depth ¼ 24 cm.
Tp ¼ 1.4 s Tp ¼ 1.27 s
Ru (cm) Free surface
elevation (cm)
B (cm) Ru (cm) Free surface
elevation (cm)
B (cm)
17.60 41.60 0 17.20 41.20 0
17.00 41.00 30 16.00 40.00 30
15.40 39.40 35 14.80 38.80 35
13.90 37.90 40 12.70 36.70 40
12.50 36.50 45 12.00 36.00 45
12.10 36.10 50 10.80 34.80 50
11.60 35.60 55 10.20 34.20 55
tural parameters on the wave run-up over the berm breakwaters, International
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Fig. 6. Effect of dimensionless berm width on wave run-up.
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represented in Table 7. Considering Table 7, it can be observed
that for a constant wave period (1.3 s), by increasing the wave
height (7, 7.5, 8, 8.5, 9, 9.5, 10 and 10.5 cm), the wave run-up
increases. The results show that by increasing the wave height
up to 67 percent, the wave run-up over the berm breakwater
with width of 35 cm increases up to about 53 percent. Fig. 7
shows the wave run-up over the berm breakwater in step
time of 10 s for with berm width of 35 cm and wave heights of
7, 7.5, 8, 8.5, 9, 9.5, 10 and 10.5 cm. In addition Fig. 8 in-
dicates the effect of non-dimensional wave height parameter
on the wave run-up.Table 7
Effect of changes in wave height on wave run-up over the berm breakwater,
under different wave heights, with linear wave, berm width ¼ 35 cm, wave
period ¼ 1.3 s, slope side of the breakwater ¼ 39 and water depth ¼ 24 cm.
Ru (cm) Free surface elevation (cm) Wave height (cm)
15.90 39.90 10.50
11.20 35.20 10.00
10.50 34.50 9.50
10.00 34.00 9.00
09.80 33.80 8.50
09.50 33.50 8.00
08.90 32.90 7.50
08.50 32.50 7.00
Fig. 7. Measured values of wave run-up in various time steps for dif
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Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/103.3. Effect of wave period on the wave run-upThe wave period is one of the main factors that has an
important role in determining the stability and the wave run-up
over the berm breakwater. In this study, the results showed that
by increasing the wave period up to 1.2 s, the wave run-up over
the berm breakwater has regular and perceptible increase, and
maximum wave run-up occurred in the time step in the range of
1.6e4.3 s. Generally, increasing wave period may lead to in-
crease the wave run-up over the berm breakwater. In addition,
by increasing the wave period from 0.8 to 1.5 s, the wave run-
up over the berm breakwater increase. The maximum wave
run-up in the highest wave period occurred in 1.5 s. The effect
of wave period on the wave run-up over the berm breakwater
with berm width of 35 cm is given in Table 8. Also, Fig. 9
shows the wave run-up simulation in the time step of 10 s
over the berm breakwater with the berm width of 35 cm and
wave period of 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4, and 1.5 s. It can be
concluded that for a constant wave height (10 cm), by
increasing the wave period (0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4, and
1.5 s), the wave run-up may increase. For the period of 1.2 s,
the wave period is approximately equal to the natural vibration
period of the breakwater and this makes the wave run-up to be
doubled. Fig. 10 shows the wave run-up over berm breakwater
for different wave periods. It can be observed that byferent wave heights, berm width ¼ 35 cm, wave period ¼ 1.3 s.
tural parameters on the wave run-up over the berm breakwaters, International
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Fig. 8. Effect of dimensionless wave height on the wave run-up.
Table 8
Effect of changes in wave period on wave run-up over the berm breakwater,
under different wave periods, with linear wave, berm width of 35 cm, wave
height of 10 cm, slope side of the breakwater 39 and water depth of 24 cm.
Ru (cm) Free surface elevation (cm) Wave period (s)
17.80 41.80 1.50
17.30 41.30 1.40
14.90 38.90 1.30
10.80 34.80 1.20
08.10 32.10 1.10
06.60 30.60 1.00
06.50 30.50 0.90
06.40 30.40 0.80
Fig. 9. Measured wave run-up in various time steps for different wave periods, berm width of 35 cm, wave height of 10 cm.
Fig. 10. Effect of the wave period on the wave run-up.
Table 9
Numerical and theoretical values of the wave run-up over the berm breakwater.
B (cm) Tp ¼ 1.27 s Tp ¼ 1.4 s
RNu R
T
u R
N
u R
T
u
30 16.00 12.56 17.00 13.61
35 14.80 12.51 15.40 13.57
40 12.70 12.47 13.90 13.53
45 12.00 12.43 12.50 13.49
50 10.80 12.39 12.10 13.45
55 10.20 12.34 11.60 13.40
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Fig. 11. Comparison of theoretical and numerical tests of the wave run-up. The correlation factor (R2) is also shown; (a) Tp ¼ 1.40 s and (b) Tp ¼ 1.27 s.
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+ MODELincreasing the wave period up to 53 percent (from 0.8 to 1.5 s),
the wave run-up increases up to about 36 percent.
The measured data for wave run-up over the berm break-
water are shown in Table 9.
The results of theoretical run-up over berm breakwater with
berm widths of 30, 35, 40, 45, 50 and 55 cm have been
compared with numerical simulation results in Fig. 11. The
correlation coefficient for wave period of 1.4 s and 1.27 s are
respectively 0.928 and 0.963. These values represents the Flow-
3D is well able to simulate flow movement into porous medium.
By considering the experimental and numerical results of
wave run-up over the berm breakwater, the amount of standard
deviation was obtained equal to 0.96. This value indicates that
the data points tend to be very close to the mean value. Fig. 11
4. Conclusions
In the present research, totally 200 numerical modeling
performed for investigation of the wave run-up over the berm
breakwater covered by armour pieces under linear wave con-
ditions. The main examined parameters were: berm width,
wave height, and wave period. The major results of this study
are:
 by increasing berm width over the berm breakwater from
30 to 55 cm (45 percent), the wave run-up may decrease
up to about 36 percent. It is clear that the reason for
reduction in wave run-up is that some of the wave energy
have dissipated over the berm. Therefore, the wave will
impact to the main slope with a lower energy.
 by increasing the wave height up to 67 percent, the wave
run-up over the berm breakwater with width of 35 cm
increases up to about 53 percent. It is clear the main reason
for increasing the wave run-up is that the wave energy is
proportional to the square of the wave height.
 after investigation of the wave run-up over berm break-
water for different wave periods, it was found that by
increasing the wave period up to 53 percent (with berm
width 35 cm and wave period 1.3 s), the wave run-up
increases up to about 36 percent. For the period of 1.2 s,Please cite this article in press as: Milanian, F., et al., Effect of hydraulic and struc
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10the wave period is approximately equal to the natural vi-
bration period of the breakwater and this makes the wave
run-up to be doubled.
 As there are few experimental studies about the berm
breakwaters and most of the researchers have studied the
berm recession, the numerical results were compared with
theoretical relations (Eq. (7)). The correlation coefficient
was obtained equal to 96, indicating value that the data
points tend to be very close to the mean value.
 In general, the berm is more effective in reducing the wave
run-up and increasing the stability of the breakwater ar-
mour layer. Designers can use this model by considering
the stability and by calculating the Reynolds numbers and
design berm breakwaters with actual sizes.References
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